Mass spectrometry technologies for measurement of cellular metabolism are opening new avenues to explore drug activity. Trimethoprim is an antibiotic that inhibits bacterial dihydrofolate reductase (DHFR). Kinetic flux profiling with 15 N-labeled ammonia in Escherichia coli reveals that trimethoprim leads to blockade not only of DHFR but also of another critical enzyme of folate metabolism: folylpoly-c-glutamate synthetase (FP-c-GS). Inhibition of FP-c-GS is not directly due to trimethoprim. Instead, it arises from accumulation of DHFR's substrate dihydrofolate, which we show is a potent FP-c-GS inhibitor. Thus, owing to the inherent connectivity of the metabolic network, falling DHFR activity leads to falling FP-c-GS activity in a domino-like cascade. This cascade results in complex folate dynamics, and its incorporation in a computational model of folate metabolism recapitulates the dynamics observed experimentally. These results highlight the potential for quantitative analysis of cellular metabolism to reveal mechanisms of drug action.
Enzyme inhibition is among the best established mechanisms of drug action 1 . Nevertheless, even for enzyme inhibitors, the mechanisms of action are often incompletely understood 2 . For example, drugs known to be inhibitors of one enzyme may further bind to unidentified enzymes or indirectly interact with other pathways. In part, this limited understanding is due to the scope and complexity of cellular chemical reactions as well as the associated difficulty of tracking many reactions at once. The recent development of technologies that can measure many cellular metabolites [3] [4] [5] and metabolic fluxes [6] [7] [8] in parallel may allow for more complete elucidation of actions of enzyme inhibitors. Here we apply LC-MS/MS to explore the effects of the DHFR inhibitor trimethoprim (1) in Escherichia coli by tracking both metabolite concentrations and fluxes throughout the folate pathway.
Folates are cofactors that accept or donate one-carbon units for the biosynthesis of essential metabolites including purines, thymine (2), methionine (3) and glycine (4) . Folate metabolism is the target of many therapeutics, including antibiotics (trimethoprim and sulfa drugs) [9] [10] [11] and anticancer agents (methotrexate, 5, and pemetrexed, 6) 12 . Folates are synthesized from GTP (7), p-aminobenzoic acid (pABA, 8) and glutamates (9) and can exist in three different oxidation/reduction states: PteGlu n (pteroylglutamate, or folate, 10), H 2 PteGlu n (dihydrofolate, DHF, 11) and H 4 PteGlu n (tetrahydrofolate, THF, 12). The folate synthesis pathway is shown in Scheme 1. Dihydrofolate species (H 2 PteGlu n ) are reduced by DHFR to form tetrahydrofolate species (H 4 PteGlu n ) 13 . Tetrahydrofolate species can be substituted with one-carbon units to form the following folates: 5-methyl-H 4 PteGlu n (13), 5-formyl-H 4 PteGlu n (14), 5-formimino-H 4 PteGlu n (15), 10-formyl-H 4 PteGlu n (16), 5,10-methenyl-H 4 PteGlu n (17) and 5,10-methylene-H 4 PteGlu n (18) , which are the active onecarbon donors in specific biosynthetic reactions. Dihydrofolate species are generated from reduced folates as a byproduct of thymidylate synthase, which catalyzes the conversion of dUMP (19) and 5,10-methylene-H 4 PteGlu n to dTMP (20) and H 2 PteGlu n (refs. [14] [15] [16] [17] [18] .
Reduced forms of folates are polyglutamated to increase their retention in the cell and to become the preferred substrates in vivo for many folate-dependent enzymes [19] [20] [21] [22] [23] . E. coli has two enzymes that add glutamate residues to folates: FP-g-GS and FP-a-GS (refs. 24,25) . FP-g-GS adds the first three glutamates to folates 26 . Additional glutamates (fourth glutamate and on) are added by FP-a-GS. Thus, the second and third glutamate residues are bonded via g-linkages to previous glutamates, and additional glutamate residues are bonded via a-linkages.
Various methods for detecting folates are available and have been reviewed 23 . Recently reported LC-MS/MS methods enable quantification of the full diversity of intracellular folates, by differentiating related species based on chromatographic retention time, parent ion mass and fragmentation pattern 27, 28 . Although measurements of folate pools have been previously reported, measurements of fluxes through folate pools have not. To investigate the kinetics of assimilation of isotope-labeled ammonia into folates, we apply the concept of kinetic flux profiling (KFP), which monitors the dynamics of incorporation of isotope-labeled nutrients into downstream products using LC-MS/ MS (ref. 7) .
The antifolate drug trimethoprim inhibits bacterial DHFR, which catalyzes the reduction of dihydrofolate (H 2 PteGlu n ) to tetrahydrofolate (H 4 PteGlu n ) 13 . Treatment of E. coli with trimethoprim results in a rapid accumulation of dihydrofolate, which is then further oxidized to folate (PteGlu n ) and catabolized to pteridines and p-aminobenzoylglutamate (pABGlu n , 21) 2,29,30 .
To examine further the mechanism of action of trimethoprim, we studied the dynamics of folate pools following its addition to exponentially growing E. coli. We found an unexpected nonmonotonic response in reduced folate mono-and diglutamate species: after initially falling as expected, they subsequently increased. We demonstrate that this increase results from blockade of FP-g-GS, and that this blockade is caused by dihydrofolate species that accumulate during DHFR blockade. Thus, trimethoprim is an indirect inhibitor of FP-g-GS. We support our findings with quantitative modeling of the folate network dynamics. These results highlight the utility of applying emerging metabolomic and kinetic flux profiling technologies to further understand drug mechanisms.
RESULTS

Dynamics of intracellular folate pools
The dynamic response of the pools of 31 different folate species in E. coli to trimethoprim addition was quantitated by LC-MS/MS (Fig. 1) . As expected, the immediate response of all dihydrofolate species (H 2 PteGlu n ) and their catabolized products (PteGlu n , pABGlu n ) was to increase in concentration (often from previously undetectable levels). Similarly, all reduced folate species (H 4 PteGlu n , 5,10-methylene-H 4 PteGlu n , 5-methyl-H 4 PteGlu n , and the analytically indistinguished species 5-formyl-H 4 PteGlu n and 10-formyl-H 4 PteGlu n ) initially decreased in concentration. However, reduced monoand diglutamates increased in concentration from 20 min after trimethoprim addition onward, reaching levels yet higher than during exponential growth. This contrasted markedly with the reduced polyglutamates, which fell to at least ten-fold and often Z100-fold below levels in exponentially growing cells. Despite the rapid and large concentration changes in individual folate species, the total folate pool changed in concentration only slowly ( Supplementary Fig. 1 online) . To confirm that these changes in folate pools were due to the drug and not due to extraction procedures (that is, centrifugation), the experiment was repeated with E. coli growing on filters on top of an agarosemedium support. This filter-culture approach enables fast quenching of metabolism 7, 31 . The results ( Supplementary Fig. 2 online) show the same qualitative behaviors in folate pools after DHFR inhibition by trimethoprim.
The surprising pattern of increasing pool sizes of reduced monoand diglutamate species during trimethoprim treatment suggested two potential hypotheses: (i) depletion of reduced folate polyglutamate pools was resulting in a compensatory increase in de novo folate synthesis, leading to increased concentrations of reduced mono-and diglutamate species, or (ii) trimethoprim treatment was impairing, through a previously unknown mechanism, conversion of these species into folate polyglutamates, leading to their accumulation.
DHFR inhibition impairs FP-c-GS activity
To determine the cause of the unexpected increase in reduced monoand diglutamates in response to DHFR inhibition, we conducted 15 N flux profiling in cells treated with trimethoprim for 15 min (Fig. 2) . Two values are reported for each time point: the fraction of folates containing greater than or equal to one 15 N atom (any labeling), and the fraction of folates containing greater than or equal to one 15 N atom in the pteroate portion of the molecule (core structure labeling). These two classifications (based on MS/MS data) differentiate newly synthesized folates (which show core structure labeling) from folates that have only undergone glutamate tail extension during the labeling period.
Compared with folates in control cells, those in drug-treated cells were more slowly labeled, with passage of new core structures to folates with Z3 glutamates essentially blocked. Quantitative analysis of the labeling kinetics can be used to estimate absolute fluxes and reveals moderately decreased de novo folate biosynthetic flux (that is, into GTP (7) pABA (8) 4 PteGlu n , 5,10-methenyl-H 4 PteGlu n and 5,10-methylene-H 4 PteGlu n ), the active one-carbon donors in specific biosynthetic reactions. 5,10-methylene-H 4 PteGlu n is the substrate of TS, which regenerates H 2 PteGlu n . H 2 PteGlu n can also be oxidized to folate species (PteGlu n ) or catabolized to pABGlu n . Both H 4 PteGlu n and C 1 -H 4 PteGlu n are substrates of folylpolyglutamate synthetase (FPGS) to form the corresponding (C 1 )-H 4 PteGlu n+1 species. Second and third glutamate residues are connected via g-linkages to previous glutamates, and the rest are connected via a-linkages.
folate monoglutamates) with DHFR inhibition: 2.8 ± 0.1 mM min -1 in control cells and 1 ± 0.1 mM min -1 in drug-treated cells. In contrast, flux into folate triglutamates was indistinguishable from monoglutamate flux in control cells (2.8 mM min -1 ) but was negligible in drugtreated cells (o0.1 mM min -1 ). This flux pattern suggests that the increasing concentration of folate mono-and diglutamate species in response to drug treatment is due to impaired efflux to species with longer glutamate tails.
Notably, whereas folate triglutamates never became labeled in drugtreated cells, folate tetra-and pentaglutamate species did become labeled (with similar kinetics as in control cells), with the labeling restricted to their glutamate tails ( Fig. 2 and Supplementary Fig. 3 online). Quantitative analysis of the labeling kinetics revealed a flux of 0.6 ± 0.1 mM min -1 through folate tetraglutamates and a flux of 0.1 ± 0.04 mM min -1 through folate pentaglutamates in both control and drug-treated cells. As second and third glutamates are g-linked and added by the enzyme FP-g-GS, whereas further glutamates are a-linked and added by the enzyme FP-a-GS, this pattern of labeling is consistent with specific inhibition of FP-g-GS but not FP-a-GS activity in the trimethoprim-treated cells.
In both trimethoprim-treated and control cells, all oxidation/ reduction and one-carbon states of a given glutamate chain length were labeled with indistinguishable kinetics, which is consistent with oxidation/reduction and one-carbon reactions being markedly faster than glutamate chain extension reactions in both cases (Supplemen- tary Fig. 4 online; see also Fig. 2 ).
FP-c-GS is blocked by dihydrofolate
The finding of impaired FP-g-GS flux in trimethoprim-treated cells raised the question of the mechanism of the flux inhibition. Potential mechanisms included direct inhibition of FP-g-GS by trimethoprim or inhibition by an endogenous compound that accumulates in response to DHFR inhibition. Biochemical assays of FP-g-GS activity revealed no direct effect of trimethoprim but strong blockade by dihydrofolate, the endogenous substrate of DHFR (Fig. 3a) . Inclusion of DHF (H 2 PteGlu 1 ) in an assay for addition of glutamates to H 4 PteGlu 1 by purified FP-g-GS resulted in markedly reduced consumption of H 4 PteGlu 1 even at low concentrations of DHF (K i E 3.1 mM, Fig. 3b ).
Inhibition of FP-c-GS explains in vivo folate dynamics
To determine whether the observed inhibition of FP-g-GS by dihydrofolate could account for the complex, biphasic responses of numerous intracellular folates to DHFR inhibition, we developed an ordinary differential equation (ODE) model of folate biosynthetic metabolism. A schematic of the model is shown in Figure 4a . The model simulates reactions corresponding to folate oxidation/ reduction, glutamate tail extension (by FP-g-GS and FP-a-GS as appropriate) and folate degradation (from the oxidized state). Onecarbon transfer reactions are not explicitly considered, as the observed flux data ( Supplementary Fig. 4 ) indicate that they are uniformly faster than the glutamate chain extension reactions of interest. All simulated reactions are assumed to be first order with respect to their folate substrates, except for the pivotal FP-g-GS reactions, which are modeled as Michaelis-Menten forms with competitive inhibition by H 2 PteGlu 1 and H 2 PteGlu 2 (similar results are obtained assuming inhibition by H 2 PteGlu 1 only). All enzyme concentrations were assumed to be constant. Though these simplifications are likely not fully accurate, they minimize nonlinear interactions among free parameters that could result in a model matching the data through mechanisms other than the hypothesized one.
The de novo folate biosynthetic rate F 1 was fixed, based on the flux profiling results, at 2.8 mM min -1 in control cells and 1 mM min -1 in drug-treated cells. The first-order rate constant k 3 was estimated based Figure 1 Changes in folate pools with the addition of trimethoprim (4 mg ml -1 ). As expected, the DHFR inhibitor caused an overall increase in oxidized folates and a decrease in reduced folates. Surprisingly, reduced mono-and diglutamate species increased in concentration after an initial decrease. The x axis represents minutes after drug addition, and the y axis represents mM concentrations on a log scale. The error bars show +1 s.e.m. (n ¼ 3 independent experiments).
on the thymidylate synthase (TS) flux known to be required to support DNA replication, and on the assumption that 5,10-methylene-H 4 PteGlu 3 (the most abundant and preferred folate substrate 32 ) is the primary folate feeding this reaction (flux TS E k 3 Â pool size (C1)-H4PteGlu3 ). The experimentally observed ratio of DHF triglutamate to all reduced triglutamate species was then used to determine k 4 based on the steady state assumption (k 3 Â pool size (C1)-H4PteGlu3 E k 4 Â pool size H2PteGlu3 ). The effect of adding trimethoprim was modeled as a decrease in k 4 from 2 min -1 to 0.03 min -1 based on the observed oxidized-to-reduced folate triglutamate ratio in control versus drug-treated cells. Knowledge of k 4 enabled calculation of k 1 and k 2 (k 1 Â pool size (C1)-H4PteGlu1 E k 4 Â pool size H2PteGlu1 ). This calculation assumes that k 4 is similar for DHF mono-, di-and triglutamates. It yields k 3 4 k 2 4 k 1 , which is consistent with the biochemically observed preference of TS for 5,10-methylene-H 4 PteGlu 3 (ref. 32) . Experimental determination of the flux from triglutamates to tetraglutamates via FP-a-GS was used to determine k 6 (flux FP-a-GS E k 6 Â pool size (C1)-H4PteGlu3 ). K m and K i for the FP-g-GS reactions were determined biochemically, leaving only two free parameters, k 5 and V max .
Manual adjustment of these two parameters resulted in the output of the model (Fig. 4b) generally matching the experimentally observed patterns in Figure 1 . Agreement was obtained for a wealth of complex dynamics, including the unexpected experimental pattern of initial decrease followed by subsequent increase in reduced mono-and diglutamate species. Reduced triglutamate species decrease monotonically with drug treatment in the model, as observed experimentally. DHF mono-and diglutamate species increase monotonically with drug treatment, again matching experimental observations. Finally, DHF triglutamate species increase initially with drug treatment and then decrease B15 min after drug addition in both the model and experimental data. Each of these behaviors is robust to five-fold increases or decreases in k 5 and V max .
The different behaviors of the total diglutamate pool (sum of oxidized and reduced forms, increased) and total triglutamate pool (decreased) are accounted for by efflux from diglutamates to Drug-treated cells were grown in 14 N medium, treated with 4 mg ml -1 trimethoprim for 15 min, and then switched to 15 N medium also containing 4 mg ml -1 trimethoprim. The x axis represents minutes after N-switch. In the top row, the y axis represents the percent of the indicated folate species containing greater than or equal to one 15 N atom (any-labeled). In the bottom row, the y axis represents the percent containing greater than or equal to one 15 N atom in the pteroate portion of the molecule (core structure-labeled). Error bars show ±1 s.e.m. (n ¼ 3 independent experiments). Curves represent a fit of the data to equations presented previously 7 as described in the Methods. triglutamates being impaired by DHF inhibition of FP-g-GS, whereas efflux from triglutamates is not, as it is catalyzed by FP-a-GS. These modeling results suggest that our proposed mechanism can in large part account for the complex dynamics in folate pools following trimethoprim treatment.
DISCUSSION
Improvements in the ability to quantitate metabolites by LC-MS/MS hold promise for advancing pharmacology. Important applications include drug metabolism 33 , biomarker discovery 3 and personalization of therapy 34 . Here we investigated another potential application: deepening understanding of the molecular mechanisms of drug action. A capability of LC-MS/MS that promises to be particularly useful in this regard is the ability to differentiate individual chemical species within a class of structurally related metabolites. Folates exemplify this: the core of folates can exist in different oxidation and one-carbon modification states, which can be paired with glutamate tails of various lengths. Prior chromatographic methods enabled measurement of either the distribution of glutamate tail lengths (without regard to oxidation and one-carbon modification states) 24, 25 or of oxidation and one-carbon modification states (without regard to glutamate tail length) 2 . Recent LC-MS/MS methods bridge this information gap by allowing for direct measurement of individual species.
Individual folate measurements revealed an unexpected trend after treatment of E. coli with trimethoprim: even though DHFR was blocked (causing a shift toward more oxidized folates overall), reduced folates with short glutamate tails surprisingly increased. Increases in metabolite concentration can arise from increased production or decreased consumption of the metabolite. Kinetic flux profiling-which to our knowledge is the first method capable of quantitating fluxes within the folate pathway-clearly differentiated these alternatives: flux from short-tail to long-tail glutamates was blocked upon trimethoprim treatment. Once flux profiling identified this blockade, identifying the responsible molecular entity (DHF that had accumulated in response to trimethoprim treatment) was readily achieved via standard biochemical approaches.
The observation that DHF is an inhibitor of FP-g-GS in E. coli 35 is noteworthy in light of related findings in mammalian systems. In human MCF-7 breast cells, AICAR transformylase is inhibited by DHF species that accumulate in response to methotrexate treatment 36, 37 . Additionally, DHF species have been reported to inhibit pig liver methylenetetrahydrofolate reductase 38 as well as Lactobacillus casei and human TS (refs. 39,40) . To our knowledge, inhibition of folylpolyglutamation enzymes (in any species) or Enterobacteriaceae enzymes (of any sort) by DHF in live cells has not been previously reported.
The finding that DHF, which accumulates in response to DHFR inhibition, is itself an enzyme inhibitor in both prokaryotes and eukaryotes leads to the concept of a domino effect-a cascade in which direct pharmacological inhibition of one enzyme results in accumulation of the enzyme's substrate, which then inhibits additional enzymes. Such a cascade of enzyme inhibition could in theory propagate yet further, just as the tumbling of one domino can lead to tumbling of many others downstream. In cells, the propagation occurs via natural interconnections between endogenous metabolites (for example, the natural role of DHF as both the substrate of DHFR and an inhibitor of FP-g-GS in E. coli). The requisite inhibitory connections could arise either by coincidence (the absence of selective pressure to avoid them) or through mechanisms of regulation that are beneficial to the cell harboring them 37, 38, 41 .
Notably, the observed domino effect in E. coli was sufficient to explain the complex dynamics of folate pools following trimethoprim addition, as revealed by a quantitative, chemical kinetic model of the system. Despite the clinical importance of antifolate drugs and growing interest in quantitative modeling of one-carbon metabolism 42, 43 , we are unaware of other efforts to model folate polyglutamation reactions or their modulation by pharmacological agents. Time (min) Metabolite concentration and flux analysis by LC-MS/MS, especially when interpreted via quantitative models, holds great promise for more completely elucidating the events triggered by pharmacological therapy. Such improved knowledge should ultimately be useful for guiding future efforts to develop improved therapeutics, and for making the best use of existing agents. Microbial culture conditions and extraction. E. coli K-12 strain NCM3722 was grown at 37 1C in a minimal salts medium 44 with 10 mM ammonium chloride as the nitrogen source and 0.4% glucose as the carbon source. To generate folate extracts, bacteria were separated from the medium by centrifugation. Immediately upon completion of spin, the supernatant was discarded and metabolic activity in the pellet was quenched by addition of 240 ml of extraction solvent (80:20 methanol:water + 0.1% ascorbic acid + 20 mM ammonium acetate, -75 1C, prepared fresh daily) and extracted serially with extraction solvent. Experimental manipulations (trimethoprim addition, flux profiling) were conducted at late log phase (A 650 B 0.5). For an exemplary growth curve, see Supplementary Figure 5 online.
METHODS
Nitrogen-switch experiments. Folate fluxes were monitored based on the assimilation of isotope-labeled ammonia into intracellular folates. Cells were transferred into 15 N-ammonia by centrifugation and resuspension in labeled medium. Metabolism was quenched and folates extracted at distinct time points. As the M+1 peaks containing a single 15 N atom are informative regarding folate dynamics, U-12 C-glucose (99.9%) was used as the carbon source for these studies to minimize M+1 isotopic peaks on the MS spectrum resulting from naturally occurring 13 C (1% natural abundance), which otherwise complicates analysis. For drug-treated cells, trimethoprim was added 15 min before the nitrogen switch.
Kinetic flux profiling 7 was used to estimate flux through folate pools. In control cells, 5-methyl-H 4 PteGlu n (n ¼ 1-5) data were used for flux calculations, as they are the most abundant folate species. In drug-treated cells, 5-methyl-H 4 PteGlu 1 and H 2 PteGlu n (n ¼ 2-5) data were used for flux calculations, as they are the most abundant folate species after drug treatment. Flux through each folate polyglutamate species was calculated as described previously 7 :
where X n T is the total pool of a folate species with n glutamates in its tail, and f n is the flux through that folate species. To determine the k n for each species, labeling data was fit to the following equation:
where X n U is the unlabeled form of a folate species with n glutamates in its tail, and k 0 nÀ1 is a single exponential fit to the available data for X n-1 (the precursor to X n ). For core structure labeling, the precursor to X n was considered to be folate species with one less glutamate in their tail. For any labeling, the precursor to X n was considered to be glutamate. In control cells, de novo folate flux (into Glu 1 , Glu 2 and Glu 3 species, which are approximately equal at steady state) was determined using 5-methyl-H 4 PteGlu 3 data. Analysis of any labeling and core structure labeling both gave the same flux value. In drug-treated cells, in which flux into polyglutamates was impaired, 5-methyl-H 4 PteGlu 1 anylabeling data were used to determine the de novo folate flux, and H 2 PteGlu 3 any-labeling data were used to determine the FP-g-GS flux into triglutamates. In both control and drug-treated cells, 5-methyl-H 4 -PteGlu 4 and Glu 5 anylabeling data were used to determine FP-a-GS fluxes. Error estimates for fluxes were determined based on the standard error of k n from the curve fitting.
LC-MS/MS analysis. Folates were measured using LC-MS/MS as previously described 28 . Multiple reaction monitoring (MRM) scan events used in this study (including those for 15 N-labeled species) are presented in Supplementary  Table 1 online (which also includes details on the LC-MS/MS method used). To account for the different ionization of folates with varying numbers of glutamates, raw counts from LC-MS/MS were corrected using conversion factors generated from studies with standards. For details, see Supplementary Methods online.
In vitro assay for activity of recombinant FP-c-GS. Biochemical assays were performed using a His-tagged version of E. coli folC with H 4 PteGlu 1 as the folate substrate and saturating glutamate and ATP. The K m for H 4 PteGlu 1 and K i for H 2 PteGlu 1 (which was treated as a competitive inhibitor) were determined by titrating their respective concentrations and measuring the associated enzymatic reaction rate. For details, see Supplementary Methods.
Network model of in vivo folate data. The model assumes constant de novo folate biosynthesis (forming H 2 PteGlu 1 at a constant rate of 2.8 mM min -1 in control cells and 1.0 mM min -1 in drug-treated cells) and simulates reactions corresponding to folate oxidation/reduction, glutamate tail extension by FP-a-GS, and degradation (from the oxidized state) as pseudo-first-order reactions. The pivotal FP-g-GS reactions were modeled as Michaelis-Menten forms with competitive inhibition by H 2 PteGlu 1 and H 2 PteGlu 2 . The script (written in R programming language for statistical computing) is supplied in the Supplementary Methods.
K m (50 mM) and K i (3.1 mM) values were determined experimentally from in vitro FP-g-GS assays. The rate constant for conversion of reduced triglutamates (k 3 ) was calculated to be 1.2 min -1 by dividing the flux through TS in exponentially growing E. coli (75 mM min -1 ; from a previous study 45 based on the amount of thymidine required for replication during optimally efficient growth at the experimentally observed doubling time of B90 min) by the total pool of reduced triglutamates (65 mM). k 4 was determined as described in the Results to be 2 min -1 in control cells and 0.03 min -1 in drug-treated cells. Similarly, k 1 and k 2 were determined to be 0.1 min -1 and 0.6 min -1 , respectively. k 6 was calculated to be 0.006 min -1 by dividing flux from triglutamates to tetraglutamates by substrate concentration (k 6 ¼ f 4 / X 3 T ). k 5 (0.03 min -1 ), the sum of slow oxidation of dihydrofolates to folates and slow catabolism to pABGlu 1-3 , and V max of FP-g-GS (60 mM min -1 ) were selected manually to mimic experimental behavior.
Note: Supplementary information and chemical compound information is available on the Nature Chemical Biology website.
